Epigenetic inactivation of tumor suppressor genes is a common feature in human cancer. Promoter hypermethylation and histone deacetylation are reversible epigenetic mechanisms associated with transcriptional regulation. DNA methyltransferases (DNMT1 and DNMT3b) regulate and maintain promoter methylation and are overexpressed in human cancer. We performed whole-genome microarray analysis to identify genes with altered expression after RNAi-induced suppression of DNMT in a glioblastoma multiforme (GBM) cell line. We then identified genes with both decreased expression and evidence of promoter CpG island hypermethylation in GBM tissue samples using a combined whole-genome microarray transcriptome analysis in conjunction with a promoter array analysis after DNA immunoprecipitation with anti-5-methylcytidine. DNMT1 and 3b knockdown resulted in the restored expression of 308 genes that also contained promoter region hypermethylation. Of these, 43 were also found to be downregulated in GBM tissue samples. Three downregulated genes with hypermethylated promoters and restored expression in response to acute DNMT suppression were assayed for methylation changes using bisulfite sequence analysis of the promoter region after chronic DNMT suppression. Restoration of gene expression was not associated with changes in promoter region methylation, but rather with changes in histone methylation and chromatin conformation. Two of the identified genes exhibited growth suppressive activity in in vitro assays. Combining targeted genetic manipulations with comprehensive genomic and expression analyses provides a potentially powerful new approach for identifying epigenetically regulated genes in GBM.
Introduction
Glioblastoma multiforme (GBM) is a highly aggressive tumor with extremely poor prognosis. In the United States, it results in approximately 13 000 deaths per year despite surgical, chemotherapy and radiotherapeutic treatments (Behin et al., 2003) . Although overall mortality remains high, recent developments have provided a better understanding of key molecular mechanisms, which hold promise for improved therapeutic approaches Mischel et al., 2003; Singh et al., 2004; Hegi et al., 2005; Mellinghoff et al., 2005; Hambardzumyan et al., 2006; Beier et al., 2007) . Recent studies have also more clearly defined the role of epigenetic modifications in the aberrant silencing of genes associated with cell proliferation, tumor progression, apoptosis, angiogenesis and astrocyte motility in GBM (Foltz et al., 2006; Kim et al., 2006b; Mueller et al., 2007) . In these studies, global genomic screens were employed to identify genes upregulated in GBM cells following short-term exposure to histone deacetylase (HDAC) and/or DNA methyltransferase (DNMT) inhibitors. These reports suggest that promoter region hypermethylation of CpG islands and associated histone modifications play a role in the aberrant silencing of genes required to maintain normal cellular proliferation and differentiation. It has been previously established that a significant number of genes may require prolonged treatment with DNMT inhibitors to reverse the repressive effects of aberrant epigenetic silencing (McGarvey et al., 2006; Fontijn et al., 2007) . Unfortunately, prolonged treatment often results in cell death due to potent drug toxicity even at low concentrations. As a result, a significant cohort of epigenetically silenced genes is likely to be hidden in these analyses.
In mammals, DNMTs are required for cytosine methylation and its maintenance. Aberrant DNMT expression has been observed in primary tumor specimens (including GBM) relative to normal tissue samples (Ahluwalia et al., 2001; Kanai et al., 2001; Mizuno et al., 2001; Sato et al., 2002; Girault et al., 2003; Fang et al., 2004; Arai et al., 2006; Park et al., 2006; Kim et al., 2006a; Lorente et al., 2008) . Genetic approaches that disrupt DNMT activity have been recently employed to unmask epigenetic programs that integrate genesilencing networks in tumor cells (Rhee et al., 2002; Leu et al., 2003; Paz et al., 2003; Robert et al., 2003; Yan et al., 2003; Milutinovic et al., 2004; Suzuki et al., 2004; James et al., 2006) . These studies indicate that RNA interference (RNAi)-mediated knockdown of DNMT results in the reexpression of epigenetically silenced genes, some of which inhibit in vitro tumor growth. In our recent study, we used whole-genome microarray analysis to identify aberrantly expressed genes in GBM. We found both DNMT1 and DNMT3b to be expressed at higher levels (DNMT1 >2-fold and DNMT3b >3-fold) in histologically confirmed GBM tissue samples relative to nontumor brain tissue samples. The expression levels of DNMT3a were found to be similar in tumor and nontumor tissue samples. After confirming these microarray results with real-time PCR (Supplementary Figure S1 ), we sought to investigate whether silencing DNMT1 or DNMT3b has any effect on epigenetic transcriptional regulation in GBM.
In this study, we investigate the role of promoter region DNA hypermethylation as a mediator of gene silencing in GBM using RNAi directed against DNMT1 and DNMT3b. First, we use promoter-specific DNA microarrays in combination with gene expression microarrays to define a subset of genes that are likely to be regulated by promoter methylation in GBM. We then explore the effects of DNMT1 and/or DNMT3b knockdown on transcriptional silencing of target genes using whole-genome microarray analysis. We next determine the epigenetic determinants associated with the promoter regions of selected candidate genes activated by DNMT knockdown using bisulfite sequence analysis and chromatin immunoprecipitation (ChIP) analysis. Our results indicate that changes in histone modifications rather than CpG island methylation are associated with the promoter regions of reactivated genes. These changes result in increased chromatin accessibility, suggesting the opening of repressive chromatin in aberrantly silenced genes. Two of these epigenetically regulated genes exhibited growth inhibitory effects when reexpressed in GBM cells in vitro.
Results
Correlation between DNA methylation and gene expression level in GBM tissue samples To characterize the scope of promoter region DNA hypermethylation in GBM tissue samples, we profiled immunoprecipitated methylated DNA derived from histologically confirmed GBM tissue samples and nontumor brain samples. GeneChIP human promoter 1.0R microarrays (Affymetrix, Santa Clara, CA, USA) were probed with immunoprecipitated DNA fragments obtained using methylated cytosine-specific antibodies ( me C) and DNA from tumor and nontumor brain samples (10 each) in a standard ChIP assay. The promoter microarray contained 25 bp probes spaced at a high density (over 4.5 million) representing approximately 25 500 promoter regions (7.5 kb upstream to 2.45 downstream of the 5 0 transcriptional start site of associated genes). Data were analysed using Affymetrix Tiling Array Software Version 1.0.05 as described (Hayashi et al., 2007) . Briefly, raw data were quantile normalized and for each probe a dataset was generated with a 200 bp length sliding window. For each individual tumor or nontumor brain sample, hybridization intensities were compared between the me C array and the input array ( me C antibody/input ratio). Differential enrichment relative to the input array was then tested for statistical significance. To identify a common cohort across the majority of patient samples, the 10 tumor and nontumor samples were then treated as biological replicates allowing for the identification of a subset of probes enriched in at least 70% of specimens. Selection of promoters enriched in at least 7 of 10 samples optimized our ability to identify common epigenetically silenced genes although allowing for the expected variation between individual specimens. To account for nonspecific binding, promoters that showed enrichment also in immunoglobulin G (IgG) microarrays (control) were eliminated from further analysis. This analysis led to the identification of 5504 differentially enriched promoters (3103 hypermethylated and 2401 hypomethylated) in tumor samples relative to nontumor brain samples. A comprehensive methylome representing the differentially methylated promoter regions in GBM is shown in Figure 1 .
We next investigated if these promoters were associated with differential gene expression in the tissue samples. We performed whole-genome microarray analysis of RNA isolated from tumor and nontumor brain samples using the ABI 1700 Human Genome Expression Microarray (Applied Biosystems, Foster City, CA, USA). We identified 2570 differentially expressed genes, 1502 of which were downregulated twofold or more (qo0.05). By comparing the two datasets, we identified 665 downregulated genes that also exhibited promoter hypermethylation in tumor samples relative to normal brain specimens. Conversely, we found 323 genes upregulated in tumor samples that also displayed hypomethylated promoter regions. This suggested that changes in the methylation state of the promoter regions of these genes might regulate their transcriptional activity. Providing further validation of our approach, we identified several genes in our cohort, including BEX1, BEX2, MGMT, p16, DAPK, TMS-1, RASSF1A, CDH1 (Costello et al., 1996; Esteller et al., 1999; Gonzalez-Gomez et al., 2003; Stone et al., 2004; Foltz et al., 2006; Martinez et al., 2007) , which have been previously shown to be expressed at lower levels in GBM due to promoter hypermethylation. We further validated our microarray analysis by using bisulfite sequence analysis to confirm hypermethylation of promoter region CpG islands in selected genes (see below).
Loss of DNMTs expression results in transcriptional reactivation of silenced genes
We conducted small interfering RNA (siRNA)-mediated knockdown in T98 GBM cells to determine whether suppression of DNMT levels would modulate promoter hypermethylation and associated changes in transcriptional activity. T98 cells were transfected with three independent siRNA oligonucleotides specific for DNMT1 and/or DNMT3b transcripts along with off-target siRNA controls. Real-time PCR and western blot analysis demonstrated that two of the three siRNA molecules were effective in significantly reducing specific DNMT levels (28-40%; Figure 2a ). RNA extracted from cells demonstrating efficient knockdown of DNMT levels was profiled using expression microarrays as described previously (Foltz et al., 2006) . We only selected those genes demonstrating differential expression (>2-fold, qo0.05) in response to treatment with every DNMT-specific siRNA but exhibiting no change after treatment with control off-target siRNA molecules. This resulted in elimination of gene expression changes due to off-target effects of siRNA molecules. 1341 genes demonstrated increased expression after DNMT1 knockdown at either the 5, 10 or 30 daytime period relative to control transfections. By comparing this dataset with the 3103 genes previously identified to have hypermethylated promoters (see above), we found 228 genes both upregulated by DNMT1 suppression and also exhibiting potential promoter hypermethylation. Similarly, of the 1377 genes that were upregulated by DNMT3b suppression, 247
were also found to exhibit promoter hypermethylation. Interestingly, a significant overlap (73%) was observed in these two sets of potential DNMT1 and DNMT3b targets ( Figure 2b ). A complete list of genes activated by DNMT knockdown is provided in Supplementary Table  S1 . Expression analysis of RNA extracted from T98 cells where both DNMT1 and DNMT3b were silenced using four different combinations of specific siRNA molecules did not yield any additional upregulated genes. Real-time PCR was used to confirm changes in gene expression, which proved to be in excellent agreement with microarray data (Supplementary Figure S2 ).
Reexpression of DNMT activated genes suppresses the growth of glioma cells in culture
We then selected the subset of 43 genes that showed reduced expression in GBM tissues, hypermethylation of promoter regions and transcriptional activation in response to DNMT inhibition. We confirmed the relative expression levels of 10 of these genes in tumor and nontumor brain tissue samples using real-time PCR (Figure 3 ). Hypothesizing that epigenetically silenced genes might play important roles in growth inhibition, we investigated the functional significance of three newly identified genes, DUSP5, SDC2 and TMTC1 by The methylation status of promoterassociated CpG islands in histologically confirmed glioblastoma multiforme (GBM) tumor or nontumor brain tissue samples (n ¼ 10 each) was investigated by profiling immunoprecipitated DNA using Affymetrix gene chip human promoter 1.0 R arrays. A total of 5504 promoters were found to carry differentially methylated promoters (3103 hypermethylated and 2401 hypomethylated) in 70% of the tumor samples relative to nontumor brain samples. The coordinates for these promoters regions were used to view data using USCS genome browser and correlating the positions of the enriched regions with the transcriptional start sites of the known gene. Chromosome views were generated using dCHIP software.
Epigenetic regulation of gene expression in GBM G Foltz et al determining the effect of their expression on the growth of T98 cells in vitro. Expression plasmids coding for these genes were transfected into T98 cells and cells were selected in the presence of G418 selection media for 3 weeks. As shown in Figure 4 , expression of two genes (SDC2 and TMTC1) resulted in a marked decrease in colony formation compared to control-transfected cells in T98 cells.
Chromatin rearrangement rather than DNA methylation correlates with increased transcriptional activity due to DNMT knockdown To gain insight into the mechanisms leading to epigenetic regulation of the three genes, DUSP5, SDC2 and TMTC1, we examined the methylation status of promoter-associated CpG islands in tumor tissue samples using methylation-specific PCR. The promoter regions of all three genes were found to be methylated (Supplementary Figure S3) . We then examined the possible changes in promoter methylation of these three target genes after DNMT knockdown. We used two different techniques, both MALDI-TOF MS as well as direct sequencing of cloned PCR products, to confirm the results of bisulfite sequence analysis. This analysis Whole-genome microarray analysis to identify epigenetically regulated genes in malignant glioma. Genes upregulated twofold or more (false discovery rate of 5%) by microarray analysis after inhibition of DNMT1 or DNMT3b were compared with those carrying hypermethylated promoters regions in tumor tissue samples (promoter microarray analysis). A total of 308 genes carrying hypermethylated promoters were found to be activated by DNMTs inhibition. 5   3   4   1   2   0  AP1S1  c9orf3  DUSP5  SDC2  TAF7L  TMTC1  c2orf23 DGCR6L FKBPIB FKBPIB Normal Tumor Figure 3 Relative transcriptional silencing of epigenetically regulated genes in histologically confirmed glioblastoma multiforme (GBM) tissue samples (n ¼ 30) relative to nontumor brain samples (n ¼ 9; Po0.001). Total RNA was extracted from tissue samples and relative expression level of genes in tumor samples with respect to expression in a nontumor brain sample was determined using real-time PCR. Arbitrary expression units (y axis) were used to normalize fold change relative to expression in one nontumor brain sample.
Relative Expression
Epigenetic regulation of gene expression in GBM G Foltz et al revealed no significant changes in promoter methylation in response to chronic DNMT silencing ( Figure 5 and Supplementary Figure S4 ). We then asked whether the increased transcriptional activity in response to DNMT suppression was due to changes in histone modifications, which affect chromatin structure. We used ChIP assays to determine the changes associated with methylation levels of histone side chains (H3-K4, H3-K9 and H3-K27) in the promoter regions of these three target genes following DNMT knockdown. Each of these histone modifications affects the access of various elements of transcriptional machinery to chromatin and therefore influences transcriptional activity of associated genes (Shilatifard, 2006) . We found a decrease in H3-K9 di-and trimethylation, and in H3-K27 trimethylation levels in the promoters of each of these three genes in response to DNMT suppression ( Figure 6 ). ChIP analysis showed no significant difference in H3-K4 methylation, after DNMT suppression (data not shown). Consistent with the observed changes in histone modifications, we found that DNMT knockdown resulted in relative opening of chromatin and increased accessibility in the promoter region of these genes as measured by a DNA accessibility assay ( Figure 7 ).
Discussion
Recent evidence indicates that inappropriate epigenetic silencing of tumor suppressor genes is as common as mutation-induced disruption in human cancer (Baylin, 2005; Chen and Baylin, 2005; Curtin et al., 2005; Dahl and Guldberg, 2007; Gronbaek et al., 2007; Schuebel et al., 2007) . In GBM, both promoter hypermethylation and histone modifications have been shown to modulate the local chromatin environment and mediate expression of several genes critical for cell proliferation, response to therapy, tumor progression, apoptosis, angiogenesis and migration (Hegi et al., 2005; Foltz et al., 2006; Wang et al., 2008) . These epigenetically silenced genes are attractive therapeutic targets as their expression can be restored using pharmacological inhibitors. We have recently identified a cohort of genes activated in primary GBM cells following exposure to DNMT and HDAC inhibitors (Foltz et al., 2006) . Two other studies have also demonstrated that pharmacological inhibition of DNMT enhances the transcriptional activity of genes exhibiting hypermethylated promoters in GBM (Kim et al., 2006b; Mueller et al., 2007) . Unfortunately, pharmacological inhibition of DNMT is limited by cell toxicity and other nonspecific drug side effects with chronic treatment. In this study, we sought to circumvent these limitations by exploring changes in transcriptional activity after specific and chronic suppression of DNMT1 and DNMT3b using siRNA. We have identified a cohort of 43 genes epigenetically silenced in GBM with associated promoter hypermethylation. These promoter hypermethylation patterns have also been shown to be stable, tissue-and tumor specific, and readily detectable by sensitive PCR methods Ibanez de Caceres et al., 2004; Tan et al., 2007; Zhang et al., 2007) . This comprehensive identification of epigenetically regulated genes in GBM holds considerable promise for early detection, diagnosis and, potentially, prognosis in response to therapy. To gain further knowledge about the function of genes unmasked by targeted DNMT suppression, we utilized GO classification pathway analysis to identify the functional associations of these genes (Supplementary Table S1 ). This analysis revealed that suppression of DNMT activity results in wide spread regulation of genes across several signaling pathways implicated in tumorigenesis. Some of these genes have already been shown to play an important role in GBM biology such as BAX, BEX1, BMP4, NDRG2, p27Kip1 and TSC22D1 (Deng et al., 2003; Shostak et al., 2003; Foltz et al., 2006; Piccirillo et al., 2006; Abdullah et al., 2007; Schiappacassi et al., 2008) . Of note, a significant fraction of these genes (65%) were also found to be upregulated by 5-AzaC, a pharmacological inhibitor of DNMT, in our earlier study. A brief review of our pathway analysis Effect of increased expression of three genes, identified as transcriptionally activated in response to DNA methyltransferase (DNMT) inhibition, on the growth of T98 cells (a). T98 cells were transfected with expression plasmids coding for DUSP5, SDC2 and TMTC1 after which G418 selected colonies were quantified in three independent experiments relative to empty vector control (b).
reveals that many of the genes identified in this study possess the potential for antitumor activity in vivo. Two of the three genes selected from this cohort, SDC2 (FAM129A) and TMTC1, suppressed the growth of T98 GBM cells in vitro. SDC2 is a member of syndecan proteoglycan family and has been shown to be expressed differentially in several different types of cancers Kim et al., 2003; Han et al., 2004; Kusano et al., 2004; Modrowski et al., 2005; Essner et al., 2006; Fears et al., 2006) . These reports have implicated SDC2 as a potential tumor suppressor gene with growth inhibitory properties. Syndecans have also been shown to interact with various signaling molecules and to modulate cell proliferation, migration, adhesion and differentiation (Essner et al., 2006) . The function of TMTC1 has not been well characterized. We correlated the expression of SDC2 and TMTC1 with survival using the REMBRANDT database (http://rembrandt.nci. nih.gov). Kaplan-Meier survival analysis revealed that decreased TMTC1 expression is associated with reduced patient survival. No correlation was found between SDC2 expression and patient survival. Of note, suppression of DNMT1 and DNMT3b did not result in growth inhibition of GBM cells using a colony focus assay (Supplementary Figure S5) . Alterations in the widespread epigenetic regulation of multiple gene regulatory pathways may have offset the specific actions of SDC2 and TMTC1. Further investigations of the functional implications of these and other epigenetically regulated genes identified in this study will enhance our understanding of key regulatory pathways responsible for malignant transformation of normal brain cells to malignant derivatives. Although much has been written about the association of promoter hypermethylation and transcriptional silencing (Esteller, 2007 (Esteller, , 2008 Karpf, 2007; Miranda and Jones, 2007; Calvanese et al., 2008) , our findings support an emerging view that histone modifications and chromatin conformation play a dominant role in transcriptional activation. Despite chronic suppression of DNMT, we did not see any change in promoter methylation with bisulfite sequencing. Yet transcriptional activation did occur, with increased and sustained expression after even short-term DNMT suppression. We found specific histone tail modifications in response to DNMT suppression, which are known to lead to a more relaxed or open chromatin which is permissive for transcription (Shilatifard, 2006) . We confirm the modulation of chromatin structure by demonstrating increased DNA accessibility in response to DNMT 100 0 mCpG
DNMT3b-siRNA3 Figure 5 Assessment of methylation status of promoter-associated CpG islands following DNA methyltransferases (DNMT1 and DNMT3b) inhibition in T98 cells. DNA samples extracted from T98 cells were bisulfite treated after 30 days of exposure to siRNA molecules or control siRNAs (nonsilencing). Methylation-sensitive PCR was used to amplify CpG islands associated with promoter regions of DUSP5, SDC2 and TMTC1. The resulting products were analysed using Maldi-TOF MS-based method and the extent of methylation for each CpG site was quantitated. Methylation patterns did not change significantly in response to DNMT inhibition in T98 cells.
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suppression. This strengthens our earlier published observations that histone modifications appear to be a major regulatory determinant of epigenetic silencing in GBM cells. This is of particular relevance as newer pharmacological agents are introduced, which target specific chromatin modifying enzymes, such as SAHA (Merck, Whitehouse Station, NJ, USA), an HDAC inhibitor currently in clinical trial for GBM. As we identify an increasing role for histone modification as an important regulator of gene silencing in GBM, the pharmacological reversal of this epigenetic mechanism remains an attractive therapeutic approach.
Materials and methods
Oligonucleotide promoter array analysis All GBM and nontumor brain tissue samples were collected using protocols approved by the Institutional Review Boards at University of Iowa and Swedish Neuroscience Institute. For whole-genome promoter experiments, genomic DNA was prepared from histologically confirmed GBM tissues and nontumor brain tissue samples using Charge Switch gDNA kit (Invitrogen, Carlsbad, CA, USA), per manufacturer's protocol. Genomic DNA (30 mg) was sonicated for 50 s with continuous output using a Branson sonifier (Branson Ultrasonics Corporation, Danbury, CT, USA) to produce random fragments ranging in size from 300 to 1000 bp. The lysate was centrifuged for 15 min at 13 200 r.p.m. at 4 1C, after which the supernatant was incubated with protein G-agarose beads (Millipore, Billerica, MA, USA) for 2 h. The slurry was removed by centrifugation at 1000 r.p.m. for 1 min, and the supernatant was divided into three parts. The first part was used as input control and the other two parts were incubated with 10 ml of 5-methylcytosine antibody (Abcam, Cambridge, MA, USA) or no antibody (negative control) at 4 1C overnight. The immunoprecipitated complexes were collected by incubation with protein G-Sepharose beads (Millipore) for 1 h at 4 1C. After washing the beads with buffers (low salt, high salt, LiCl and TE; Millipore), DNA was eluted from the beads using 200 ml of elution buffer (10 ml 20% SDS, 20 ml 1M NaHCO3, 170 ml water). Eluted DNA was treated with proteinase K and further purified using spin columns (Millipore). The GeneChip Human Promoter 1.0 R Arrays consisting of 4.6 million probes tiled through over 25 500 human promoter regions were used to interrogate methylation content of immunoprecipitated DNA samples as described by Hayashi et al. (2007) . Briefly, DNA samples were amplified, fragmented and labeled according to Affymetrix GeneChip Human Promoter Arrays Technical Mannual (Affymetrix). Array Hybridization and scanning were performed at the University of Iowa DNA Core Facility according to manufacturer's instructions. Data were analysed using Affymetrix Tiling Analysis Software as described earlier (Hayashi et al., 2007) Cell cultures and transfection of small interfering RNA molecules The immortalized T98 GBM cell line (American Type Culture Collection, Manassas, VA, USA) was cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum as described previously (Foltz et al., 2006) . Specific siRNA molecules for DNMT1, DNMT3b and nonspecific controls were obtained from Applied Biosystems, and T98 cells (5 Â 10 4 ) were transfected with different siRNA molecules using siPORT NeoFX Transfection Kit (Applied Biosystems), per manufacturer's protocol. Three independent siRNAs targeting different regions of DNMT1 and/or DNMT3b were used to investigate the effects of their knockdown. This ensured off-target effects were not responsible for observed Figure 6 Chromatin immunoprecipitation (ChIP) assays on DNA harvested from T98 cells following DNA methyltransferases (DNMT1 or DNMT3b) inhibition. The changes in level of histone H3-K9 mono-, di-and trimethylation, and H3-K27 mono-, di-and trimethylation after DNMT1 or DNMT3b inhibition were evaluated using antibodies specific for these modifications. Normal rabbit immunoglobulin G (IgG) or no antibodies were used as negative controls. PCR products were analysed by agarose gel electrophoresis and quantitated by densitometry. The changes in histone tail modifications were measured relative to input DNA. The assays were done in triplicate.
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changes due to silencing of off-target transcripts. At various time points after transfection, the cells were harvested for RNA, DNA and protein preparation as described below.
Real-time PCR analysis
Total RNA was extracted using Trizol (Invitrogen) from T98 cells, which had been treated every 24 h for 30 days with siRNA molecules. It was further purified using RNeasy (Qiagen, Valencia, CA, USA) and its quality was assessed with the Agilent Bioanalyzer (Palo Alto, CA, USA). Purified RNA (1 mg) was reverse transcribed using random primers, per manufacturer's protocol (High Capacity cDNA Archive Kit; Applied Biosystems). The resulting cDNA was diluted 20-fold and used as template for real-time PCR. Real-time PCR analysis was performed using Assay-on-Demand gene expression reagents (Assay ID: Hs00945899_m1 for DNMT1 and Hs01003405_m1 for DNMT3b; Applied Biosystems) on the ABI PRISM 7900 HT Sequence Detection System under default conditions: 95 1C for 10 min followed by 40 cycles of 95 1C for 15 s and 60 1C for 1 min. The expression of housekeeping genes human glutathione synthetase (hGUS) was used as the endogenous control and comparative C t method was used for quantification of the transcripts, per manufacturer's protocol. Measurement of DC t was performed in triplicate.
Western blot analysis
Protein extracts were prepared from siRNA-treated T98 cells for various times. Western blot analysis was done as previously described (Foltz et al., 2006) using primary antibodies directed to DNMT1 or DNMT3b and actin (Abcam; catalogue numbers ab13537, ab13604 and ab6276) as a control. Secondary horseradish peroxidase-conjugated anti-rabbit antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) were used at a dilution of 1:5000.
RNA microarray analysis
Total RNA was extracted from cells transfected with DNMT1, DNMT3b or control siRNAs as described above. Total RNA (2 mg) was reverse transcribed with the Chemiluminescent RT-IVT Labeling Kit (Applied Biosystems) and hybridized to the ABI 1700 Human Genome Expression Microarray containing 29 098 gene-specific 60-mer oligonucleotide probes, per the manufacturer's protocol. Data were analysed as described previously (Foltz et al., 2006) and genes that showed expression changes with a threshold of twofold threshold with a false discovery rate of 5% was classified as differentially expressed genes.
CpG island bisulfite analysis
The methylation status of the promoter-associated CpG islands associated with DUSP5, SDC2 and TMTC1 was determined in tumor samples using methylation-specific PCR. Primers specific for methylated and unmethylated DNA were designed using Methprimer (http://www.urogene.org/ methprimer/index1.html). The sequences of these primers are provided in Supplementary Table S2 . Bisulfite modification of genomic DNA (4 mg) was carried out as previously described (Foltz et al., 2006 A portion of 5 ml of the PCR products were resolved on 2.5% agarose gels and stained with ethidium bromide. Each plate contained wells with water only (no template control). We also used MALDI-TOF MS-based method (Ehrich et al., 2005 (Ehrich et al., , 2008 to determine the methylation status of selected candidate genes in T98 cells following DNMT knockdown. Briefly, methylation-sensitive PCR was used to amplify 200-600 bp target regions using one of the primers tagged with T7 RNA polymerase promoter. The PCR products were transcribed into single-stranded RNA transcripts that were cleaved in a base-specific manner. The cleaved products were analysed by MALDI-TOF MS. The sequences of all the primers used to amplify DNA for MALDI-TOF are provided in Supplementary Table S3 . As an alternate approach, the methylation status of the entire CpG island was evaluated using bisulfite sequencing as previously described (Foltz et al, 2006) . Briefly, quantitatively methylated PCR products (400-600 bp) were cloned into TOPO TA (Invitrogen). Plasmid DNA from 10 independent clones were prepared using Sprint prep (Agencourt Biosciences, Beverly, MA, USA) on a Biomek robot and sequenced from both ends with BIG Dye terminators v3.1. Sequences were resolved on Applied Biosystems 3730 XL capillary sequencer and data were analysed using Phred-phrap and consed (Gordon et al, 1998) . The extent of methylation at each CpG site was quantitated using bioinformatics tools developed in house.
Chromatin immunoprecipitation assays
Formaldehyde cross-linking and ChIP assays in T98 cells were performed as described previously (Foltz et al., 2006) . Under the various conditions of our experiments, T98 glioma cells were fixed at room temperature with 1% formaldehyde for 10 min. After isolation of nuclei, sonication and lysis the soluble chromatin was precleared with protein G-agarose beads (Millipore). Different antibodies for immunoprecipitation procedure included histone H3 (K9) mono-, di-and Real-time PCR was performed using primers specific for DUSP5, SDC2 and TMTC1 promoter regions to determine the number of target sequences after DNaseI digestion. The accessibility index that defines the degree of chromatin accessibility was determined by the following formula (AI ¼ 2 ((Ct Dnase treated) -(Ct Untreated)) ). Relative accessibility of promoter regions in cells treated with DNMT-specific siRNA relative to nonsilencing siRNA molecules were determined by taking the ratio of their accessibility indices. Chromatin accessibility assays Chromatin accessibility assays were performed by the method developed by Rao et al., 2001 . Nuclei isolated from DNMTs or control siRNA T98-treated cells at various time periods were suspended in 50 ml of digestion buffer (50 mM Tris pH 7.5, 100 mM NaCl, 10 mM MgCl 2 and 1 mM DTT) containing 20 mg of RNAse I (Qiagen). Nuclease digestions were carried out by adding 20 U of RQ1 DNase (Promega, Madison, WI, USA) and incubated at 37 1C for 10 min. DNA was then isolated from nuclei using the DNAEasy kit (Qiagen) according to the manufacturer's protocol. Real-time PCR was carried out with primers designed to amplify promoter regions of selected candidate genes. Real-time PCR reaction mixtures contained 5 pmol of each primer, 20 ng of DNA and 2 Â SYBR Green PCR Master Mix (Applied Biosystems). The PCR conditions used were as follows: 10-min denaturation at 95 1C, followed by 40 cycles of 94 1C for 30 s and 60 1C for 30 s. Amplification of the target amplicon was monitored as a function of increased SYBR green fluorescence. An analysis threshold was set, and the cycle threshold (C t ) was computed for each sample. The accessibility index was determined by the following formula (AI ¼ 2 ((Ct Dnase treated) -(Ct Untreated))
). Relative accessibility of promoter regions for various genes in DNMTs siRNA-treated cells were calculated relative to control siRNAtreated cells by taking the ratio of their accessibility indices.
Transfection and colony formation assays
Full-length open reading frames for DUSP5, SDC2 and TMTC1 were obtained from Origene (Origene Technologies, Rockville, MD, USA). Clones were sequence verified and colony formation assays were performed in monolayer culture as described earlier (Foltz et al., 2006) . Briefly, cells were plated at 1.5 Â 10 5 per well using six-well plates and transfected with either pc (GOIs) or no insert (mock control) using Trans It-Neural transfection reagents (Mirus, Madison, WI, USA). The cells were selected in G418 (1 mg/ml) supplemented media at 24 h after transfection. Some cells were simultaneously harvested to confirm increased expression of the transfected genes by real-time PCR. G418 resistant cells were maintained for 2 weeks in culture. Cells were detached, resuspended in media containing 0.3% agarose and overlaid on 0.6% agarose. A portion of 0.5 ml media was added to the plates every 4 days and colony formation was quantitated after fixation and staining with methylene blue after 3 weeks.
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